Typical neuroleptic drugs elicit their antipsychotic effects mainly by acting as antagonists at dopamine D2 receptors. Much of this activity is thought to occur in the cerebral cortex, where D2 receptors are found largely in inhibitory GABAergic neurons. Here we confirm this localization at the electron microscopic level, but additionally show that a subset of cortical interneurons with low or undetectable expression of D2 receptor isoforms are surrounded by astrocytic processes that strongly express D2 receptors. Ligand binding of isolated astrocyte preparations indicate that cortical astroglia account for approximately one-third of the total D2 receptor binding sites in the cortex, a proportion that we found conserved among rodent, monkey, and human tissues. Further, we show that the D2 receptor-specific agonist, quinpirole, can induce Ca 2؉ elevation in isolated cortical astrocytes in a pharmacologically reversible manner, thus implicating this receptor in the signaling mechanisms by which astrocytes communicate with each other as well as with neurons. The discovery of D2 receptors in astrocytes with a selective anatomical relationship to interneurons represents a neuron͞glia substrate for cortical dopamine action in the adult cerebral cortex and a previously unrecognized site of action for antipsychotic drugs with affinities at the D2 receptor.
T
he circuit basis of all cortical functions involve a balance between excitation and inhibition, and recent studies in this laboratory have begun to reveal the mechanisms by which interneurons exert control on cognitive processes mediated by prefrontal circuits (1, 2) . D2 family receptors are among the neurotransmitter receptors through which inhibitory actions are signaled in the cortex (3) (4) (5) (6) . Previous light microscopic investigations have revealed that prefrontal cortical neurons express the D2S and D2L isoforms (4) . Here, we report the ultrastructural localization of these D2 receptor isoforms. Knowledge of the precise cellular disposition of these receptors could have relevance to the differential effects of typical and atypical neuroleptic drugs as well as the modulation of cognitive processes carried out by prefrontal circuits.
Materials and Methods
Immunocytochemistry. Affinity-purified anti-D2 polyclonal antibodies were used for anatomical studies at both light and electron microscopic levels, as described in detail in ref. 4 . The specificity of these antibodies to both the short and long isoforms of the dopamine D2 receptor has been demonstrated (4) . In brief, sections from four perfused monkey brains were incubated with anti-D2 antibodies and further processed by incubation with either biotinylated goat anti-rabbit antibodies (Jackson Immuno-Research) or goat anti-rabbit antibodies coupled to 1.4-nm gold particles (Nanoprobes, Stony Brook, NY). The bound anti-D2 antibodies were visualized by the immunoperoxidase method using the ABC Elite kit (Vector Laboratories) or by silver enhancement of gold particles (Nanoprobes). Double-label immunof luorescence studies were performed by incubating sections with anti-D2 antibodies and mouse monoclonal antibodies to glial fibrillary acidic protein (GFAP; Chemicon) or parvalbumin (Chemicon) followed by incubation with goat anti-rabbit IgG-rhodamine and goat anti-mouse IgG-FITC (both from Jackson ImmunoResearch). For double labeling electron microscopic analysis, sections were incubated in a mixture containing the anti-D2 and anti-GFAP antibodies. The D2 receptor isoforms were visualized by using the immunogold reaction and GFAP by the immunoperoxidase technique.
Isolation of Astrocytes. Astrocytes were isolated from the cortical gray matter by using a density gradient as described by Farooq and Norton (7) . Freshly obtained tissues were sliced and incubated with 0.1% trypsin at 37°C for 45 min. Disaggregated cell suspensions were used for the differential centrifugation. Isolated astrocytes were kept in a CO 2 incubator with DMEM (GIBCO) at 37°C for 2 h before they were used for further studies. D2 receptor-deficient mice were generated by gene disruption (8) .
Radioligand Binding Assay. Aliquots of frozen astrocyte samples containing 50 g of protein were used for binding studies with radiolabeled ligands, as described in refs. 4 and 5. Astrocyte samples were incubated with 2 nM 3 H-radioligand for 1 h at 24°C in a total volume of 1 ml. The reaction was terminated by rapid filtration through glass filters and the retained radioactivity was counted. Nonspecific binding was determined by performing the assay in the presence of 2 M (ϩ)-butaclamol-HCl or raclopride (Research Biochemicals), and background activity was subtracted from total activity. Calcium Imaging. Optical recordings of intracellular calcium concentrations were performed essentially as described in ref. concentrations were calculated by dividing the measured fluorescence intensity after drug application (F) by the measured average fluorescence intensity at baseline (F͞F 0 ).
Results
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receptor subtype was strongly associated with nonpyramidal neurons (Fig. 1 a-c) , as evidenced by coexpression with parvalbumin (Fig. 1d ) or glutamic acid decarboxylase (GAD; data not shown). The dark punctate immunolabeling was most often associated with the cell plasma membrane (Figs. 1b and 2 Inset), strongly suggesting a distinct postsynaptic localization of D2 receptors. Analysis of 80 interneurons at the electron microscope revealed two subsets of D2-labeled cells. The larger proportion (60%) of neurons expressed D2 receptor within the cytoplasm ( Fig. 3 a and b ) and in dendritic shafts (4) . However, the other group of 32 neurons exhibited no evidence of cytoplasmic labeling. Instead, immunoreactivity was present in astrocytic processes that enwrapped the soma (Fig. 2 a and b) . In both diaminobenzidine (DAB) and gold particle immunoreaction experiments, the reactions were observed outside the cell, adjacent to the plasma membrane (arrowheads), and were not associated with neuronal elements, such as synapses (arrows) (Fig. 2 b-d) .
To confirm the localization of D2 receptors in the astrocytes surrounding neuronal soma, we performed double-labeling with antibodies both to the D2 receptor and GFAP, a marker for glial astrocytic processes. Coexpression of the D2 receptors and GFAP was observed at both the light ( Fig. 1 e and f ) and electron microscopic levels (Fig. 4 a-c) . Ultrastructural evidence of colocalization of the D2 receptors with S-100, another astrocytic protein, was also observed (data not shown). GFAP-immunoreactive structures containing D2 receptors were commonly juxtaposed to unlabeled axons and dendrites (Fig. 4 b and c) . Close appositions of this kind have previously been described in the cerebral cortex (10, 11) , and may serve as release sites for neurotransmitters (10) , such as dopamine. Fig. 1 . The short and long isoforms of the dopamine D2 receptor were expressed at similar levels in interneurons of the prefrontal cortex (arrows in a and c). These receptors were concentrated in proximity to the plasma membrane (arrowheads in b); particularly evident in d, where the D2 (red) receptors enwrap the parvalbumin-labeled (green) neuron. The D2 receptors (red) coexpress with GFAP (in green), a marker for astrocytic processes (e and f ). The D2 receptors also colocalize with GFAP in isolated astrocytes (g-j).
D2 Receptor-Specific Ligand Binding Sites in Isolated Astrocytes. We next isolated cortical astrocytes from tissues obtained from mice, rats, monkey, and human and examined their ability to bind ligands that have specificity for dopamine D2 receptors (e.g., spiperone, raclopride, haloperidol, and YM-09151). Double labeling with antibodies to the D2 receptor and GFAP further confirmed the localization of D2 receptors in isolated astrocytes (Fig. 1 g-j) . We found that approximately 32-38% of the total ligand binding activity was associated with astrocytes isolated from these species (Fig. 5) . As a control, astrocytes isolated from D2 receptor-deficient mice (8) failed to show D2-ligand binding, suggesting that the binding activity observed in normal animals is specific for D2 receptors (Fig. 5) . Other reports have also observed dopamine receptors on glial membranes as well as in glial cell lines by radioligand binding (12, 13) , mRNA expression (14) , autoradiography (15) , and electrophysiology (16) . An interaction between the D2 receptor and its antagonists in astrocytes can also be inferred from the recent observation that chronic treatment with D2-antagonist drugs tend to alter the density of glia in prefrontal cortex in rhesus monkey (17 concentration after raclopride application suggests that the D2 receptor associated signaling pathway was probably already stimulated to a certain degree (Table 1) . Table 1 ), whereas wild-type mice retained this activity (Table 1) .
Discussion
In line with our previous light microscopic observations in the prefrontal cortex of nonhuman primates (4), immunoreactivity of D2 receptors was mainly localized in the interneurons (Fig  1 a-c) . As far as we know, this is the first ultrastructural evidence for the presence of D2 receptors in a subset of cortical interneurons. About 60% of these cells showed labeling in soma (Fig. 3 a and b) and dendritic shafts (4). We also found that a subset (Ϸ40%) of these neurons were devoid of intracellular reaction product and instead showed immunolabeling in astrocytic processes that enwrapped their cell body (Fig. 2a) and we have focused on this finding in the present report. We estimate that approximately 35% of the total D2 receptor binding activity in the cortex may be associated with astrocytes (Fig. 5) . Our electron microscopic analysis shows that D2 receptors in this class of glial cells make close anatomical association with interneurons in the cerebral cortex and suggest that this association might provide a substrate for functional interaction between the two cell types. Astrocytic processes that surround neurons have been shown to express other G-protein coupled receptors, including glutamate receptors (18) .
There is accumulating evidence that astrocytes may play an active role in neural communication (19) (20) (21) (22) (23) (24) (25) . Ca 2ϩ elevation in astrocytes evokes a glutamate-dependent inward current in adjacent neurons (19 -21) and modulates action-potentialmediated synaptic transmission between cultured hippocampal cells (21, 23) . We detected a 25% increase in intracellular Ca 2ϩ concentration induced by quinpirole, a D2-receptor-specific agonist (Fig. 6 a and b waves on activation, analogous to other neurotransmitter receptors (21, 23, 26) . Therefore, it is possible that D2-facilitated Ca 2ϩ excitation in astrocytes may increase neuronal excitability (19) (20) (21) (22) (23) (24) and, ultimately, synaptic transmission (25) , whereas neuronal D2 recep- Fig. 5 . Specific binding activity in isolated astrocytes from the cerebral cortex to spiperone, raclopride, haloperidol, and YM-09151, compounds with high affinities at D2 receptor. About 35% of the total binding activity in cortex was observed in the astrocytes isolated, respectively, from human, monkey, rat, and mouse preparations. D2 receptor-deficient mice lacked binding activity, whereas it was present in wild-type mice. tors inhibit the action of GABAergic neurons (3), similar to D4 receptors.
Typical neuroleptic drugs are thought to achieve their antipsychotic efficacy by 70-80% occupancy at D2 receptors (27, 28) . Administration of these drugs in clinically effective doses to psychiatric patients also produces extrapyramidal side effects (29, 30) . Our results suggest a dual mode of action for D2 receptors in the cerebral cortex, by which they may act directly through GABAergic neurons or indirectly via glial processes. In contrast, D4 receptors might only participate in a direct mode of inhibition, because this receptor is mainly localized in GABAergic neurons and not in glia (6) . These findings raise the question of whether some portion of the difference between typical and atypical neuroleptic drugs with respect to relief of clinical symptoms or production of side-effects might account for therapeutic actions at glial targets.
